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Abstract

Background Parkinson’s disease (PD) is a progressive neurodegenerative disorder for which current pharmacological treat-
ments, while initially effective, often lead to long-term motor fluctuations and complications. Transcranial pulse stimula-
tion (TPS) is a novel non-invasive neuromodulation technique that uses mechanical stimuli through shockwaves to induce
neuroplasticity.

Methods This open-label, single-arm pilot study enrolled 14 individuals with PD who received 12 TPS sessions over
4 weeks. Stimulation targeted motor and symptom-specific cortical regions. Outcomes were assessed across motor, non-
motor domains, and EEG at baseline, after 3, 6, 9, and 12 sessions, and at 1-month follow-up.

Results TPS produced significant and consistent improvements across different domains. After 12 TPS sessions, UPDRS total
scores improved by 9.43 points (p <0.001, Cohen’s d=— 0.566), and UPDRS Part III improved by 4.93 points (p <0.001,
d=— 0.498). Non-motor symptom burden was reduced by 19.14 points (p =0.014, d=— 0.754). Cognitive performance
improved substantially, with a 7.28-point gain on the SCOPA-COG (p <0.001, d=1.161). Quality of life improved by
1.30 points on the PDQ-39 SI (p=0.005, d=— 0.690), and depression symptoms by 3.43 points on the BDI-II (p=0.008,
d=- 0.644). Follow-up analyses demonstrated that all clinical effects were sustained one month after treatment.
Conclusion TPS appears to induce clinically meaningful and lasting improvements across multiple domains in PD, accom-
panied by EEG changes that indicate enhanced neuroplasticity. However, due to the nature of this pilot open-label trial,
these results should be interpreted as preliminary, hypothesis-generating findings that require confirmation in adequately
sham-controlled randomized clinical trials.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder that affects over 10 million individuals world-
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populations [1]. While dopaminergic medications such
as levodopa remain the cornerstone of symptom manage-
ment, they are limited by diminishing efficacy over time,
motor fluctuations, and the emergence of dyskinesias and
non-motor complications [2, 3]. Despite decades of phar-
macologic research, treatment options for PD remain sub-
optimal—particularly for addressing the broad spectrum
of non-motor symptoms and for patients who experience
motor fluctuations even on optimized therapy [4, 5]. There
is thus an urgent need to develop novel, well-tolerated,
non-invasive interventions that can augment existing treat-
ments and provide durable relief across multiple symptom
domains.

Neuromodulation techniques have emerging options for
the treatment of neurodegenerative disorders, such as PD.
Among these, deep brain stimulation (DBS) is a known
approach for this population, focusing mainly on motor
symptoms, e.g., tremor [6, 7], but, as an invasive method,
DBS still raises concerns about the risk of cerebrovascular
side effects and worsening of psychiatric symptoms [8, 9].
In contrast, non-invasive brain stimulation (NIBS) methods
offer a safer profile, with a low risk of severe side effects,
while still demonstrating beneficial effects in individuals
with PD [10, 11]. Techniques, such as focused ultrasound,
transcranial direct current stimulation, and repetitive tran-
scranial magnetic stimulation, have been explored in this
context [12]. However, the results of these studies are mixed
and/or the effects are mostly limited to the motor symptoms
[12-14].

Transcranial pulse stimulation (TPS) is a new form of
non-invasive neuromodulation that uses repetitive, single
high-pressure ultrashort shockwave pulses within the ultra-
sound frequency range to modulate brain activity in a tar-
geted and focal manner [15, 16]. Unlike other neuromodu-
lation modalities, TPS is capable of reaching deep brain
structures with high spatial resolution without being affected
by pathological conductivity changes [15, 16]. Clinical stud-
ies have demonstrated its safety and efficacy in Alzheimer’s
disease, showing improvements in cognition and functional
connectivity [17-19]. The technique is now CE-approved
for use in this population. More recently, a pilot work has
explored the safety and feasibility of TPS in PD. A retro-
spective study by Osou et al. [20] in 20 patients with PD
demonstrated significant improvements in motor symptoms
after ten sessions of TPS, with no major side effects. Also,
Manganotti et al. [21] demonstrated that only one session
of active TPS was enough to induce improvements in the
amplitude of resting tremor in 16 PD. It is known from other
neuromodulation techniques like high-frequency DBS, that
suppression of beta oscillations is associated with improved
motor performance [22]. To judge the potential of TPS as
an adjunctive therapy for PD and also the need for a mech-
anistic assessment of modifications of neural circuits and
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their clinical effects comprehensive, multi-domain outcome
measures are used.

To address this gap, we conducted a prospective, open-
label pilot study to evaluate the safety, feasibility, and pre-
liminary efficacy of TPS in individuals with Parkinson’s
disease. We designed a 4-week, 12-session TPS protocol
combining standardized cortical stimulation with individual-
ized symptom-based targeting and peripheral neuromodula-
tion [23]. Participants were assessed across motor and non-
motor domains, such as cognitive, mood, sleep, sensory, and
quality of life. Our objective was to produce preliminary and
hypothesis-generating findings to determine whether TPS
can generate clinical improvements in overall symptoms
as measured by the UPDRS and further assessments. This
study represents the first structured, multi-domain prospec-
tive investigation of TPS in Parkinson’s disease, laying the
groundwork for future randomized controlled trials.

Methods
Study design

This is an open-label, single-arm pilot study (NCT06676995)
[23]. The study was conducted at the Neuromodulation
Center, Spaulding Rehabilitation Hospital, Mass General
Brigham and was approved by the institutional review board.
All participants provided informed consent according to the
Declaration of Helsinki.

Study participants

Fourteen patients aged 50-78 years with a diagnosis of
"clinically established" or "clinically probable" PD were
enrolled, according to the current clinical criteria [24].
Inclusion criteria required participants to be at Hoehn and
Yahr stages 24, taking stable dopaminergic medication for
at least 30 days. Key exclusion criteria included Parkinson-
plus syndromes, history of deep brain stimulation, uncon-
trolled comorbidities, history of epilepsy, schizophrenia,
bipolar illness, or alcohol/drug abuse within the past six
months, metal implants contraindicated for TPS, pregnancy,
contraindications to MRI according to MGB screening in
the Martinos-Center (i.e., pacemaker, defibrillator or wires
other than sternal wires, if devices are not compatible with
MRI T3 scan), bed- or wheelchair-bound patients, and non-
English speakers due to speech and voice assessment. All
participants performed an MRI brain scan with a 3 T Sie-
mens Skyra MRI scanner equipped with a 20-channel head/
neck coil prior to the first stimulation session for the neuro-
navigation system associated with the intervention.
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Intervention: transcranial pulse stimulation (TPS)

TPS was performed using the NEUROLITH® system
(STORZ MEDICAL AG, Tagerwilen, Switzerland), a CE-
marked non-invasive brain stimulation device designed to
deliver focused shockwave pulses to specific cortical and
subcortical brain regions. The treatment protocol [23] con-
sisted of 12 TPS sessions administered over 4 weeks (3 ses-
sions per week), based on previous studies in neurodegen-
erative disorders [17, 19, 25], see Table 1. A flexible window
of up to 6 weeks was allowed to accommodate patient sched-
uling or missed sessions, provided that all 12 sessions were
completed.

Each session lasted approximately 50 min and involved
the administration of 10,000 individual pulses. 8000 pulses
were delivered to the brain at an energy flux density of
0.25 mJ/mm? with a repetition rate of 4 Hz and a penetration
depth up to 8 cm, sufficient to modulate cortical and subcor-
tical structures, and 2000 pulses at an energy flux density
of 0.10 mJ/mm? and 4 Hz were provided on the foot soles.
The pulses were ultrashort (~ 0.3 ps duration) and applied
through a hand-held transducer navigated in real-time using
individual high-resolution MRI scans and an infrared-based
neuronavigation system. This allowed for precise spatial tar-
geting and even distribution of the stimulation.

The 10,000 pulses were distributed across three stimula-
tion components:

1. Individualized symptom-targeted stimulation (4000
pulses): Pulses were directed at three to four symptom-
specific regions of interest (ROIs) determined by the
patient's most prominent clinical symptoms. All patients
received 1000 pulses bilaterally to the primary motor
cortex (M1), with the remaining 3000 pulses allocated
across three of the following ROIs:

e Dorsolateral prefrontal cortex (DLPFC)—for cogni-
tive impairment, depression, or fatigue

e Inferior frontal cortex (including Broca’s area)—for
voice and speech impairment

e Posterior parietal cortex (PPC)—for sleep dysfunc-
tion

e Orbitofrontal cortex—for olfactory and gustatory
dysfunction

2. Standardized holocranial stimulation (4000 pulses):
Pulses were uniformly applied across the entire cerebral
cortex to ensure broad engagement of distributed func-
tional networks relevant to Parkinson’s disease.

3. Peripheral sensory stimulation (2000 pulses): The final
2000 pulses were applied to the plantar surface of the
feet, targeting peripheral afferents to potentially enhance
sensorimotor integration and gait-related outcomes [26,
27].

The transducer was manually guided in a continuous,
sweeping motion, ensuring full coverage of each ROI as
indicated by the neuronavigation system. The location of
each pulse was recorded and visualized in real-time, allow-
ing consistent and reproducible stimulation across sessions.

Assessments

Clinical assessments were conducted at baseline, after ses-
sions 3, 6, 9 and 12, and at follow-up one month later. Evalu-
ations were conducted during the patients” “ON” medication
state. The primary outcome was the Unified Parkinson’s Dis-
ease Rating Scale (UPDRS) Total.

Secondary outcomes included UPDRS Parts I, II, IIT and
IV; the Non-Motor Symptoms Scale (NMSS); the SCOPA-
COG for cognition; the PDQ-39 for quality of life; the Beck
Depression Inventory (BDI-II); the Parkinson's Disease
Sleep Scale-2 (PDSS-2); the Parkinson's Disease Fatigue
Scale (PFS-16); the Freezing of Gait Questionnaire (FOGQ);
voice assessments using the Voice Handicap Index (VHI-
10); visual analog mood scale (VAMS); visual analog scales
(VAS) for smell and taste perception, and Time Up and Go
(TUG) test.

Safety, acceptability, and feasibility of intervention
measures (AIM and FIM)

Side effects were assessed after each stimulation session
using a standardized questionnaire. Acceptability and fea-
sibility were measured with validated AIM and FIM ques-
tionnaires [28], and Patient’s Qualitative Assessment of
Treatment-Real-World (PQAT-RW) [29]. EEG recordings
and brief neurological exams were performed at baseline and
across key visits to monitor for neurophysiological changes
or side effects.

Electroencephalography (EEG)

Resting-state EEG was recorded for 20 min (10 min eyes
opened and 10 min eyes closed) at baseline, immediately
after the first TPS session, after every three TPS sessions
(sessions 3, 6, 9 and 12), and at the follow-up visit using
a 64-channel EGI system (EGI, Eugene, OR, USA). Con-
tinuous recording allowed real-time monitoring of epilepti-
form activity to ensure participant safety. For the quantita-
tive analysis, we assessed the EEG data from the baseline,
after 6 sessions, after 12 sessions and follow-up. During our
standard preprocessing, the final 9 min of artefact-free eyes-
closed EEG were retained, and relative power was computed
for each frequency band. The EEG preprocessing method
followed our standard pipeline using EEGLAB in MAT-
LAB (The MathWorks Inc., Natick, MA, USA 2024) [30]
which includes (i) downsampling of 250 Hz, and filtering
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(1-60 Hz), (ii) visual inspection, (iii) reference to the aver-
age of all electrodes, (iv) independent component analysis
(ICA), and (v) ICLables.

Power spectral density was computed using fast Fou-
rier transform with two 2-s window, and relative power
values were extracted for standard frequency bands: delta
(1-3.9 Hz) theta (4-7.9 Hz), alpha (8-12.9 Hz), and beta:
(13-30 Hz) in the frontal (E2, E3, ES, E6, ES8, E9, E10,
El1,E12,E13, E14, E19, E56, E57, E59, E60), central (E4,
E7, E15, E16, E20, E21, E22, E41, E49, E50, E51, E53,
E54), and parietal (E26, E27, E28, E30, E31, E33, E34, E36,
E38, E40, E42, E44, E45, E46) regions as demonstrated in
our previous protocol [31]. Derived indices included theta/
alpha and theta/beta ratios and frontal alpha asymmetry. To
determine asymmetry, the relative alpha power was natural
log-transformed and was calculated by the formula: (aver-
age of right frontal) minus (relative power of left frontal), a
similar method already applied in previous studies [32, 33].
The increase in alpha activity and alpha frontal asymmetry
has been investigated as a potential marker of the placebo
effect [34, 35]. Analyses focused on changes from baseline
to post-treatment and correlations with clinical outcomes.

Statistical analysis

The primary efficacy analysis focused on the overall change
in motor and non-motor symptoms, as assessed by the Uni-
fied Parkinson’s Disease Rating Scale (UPDRS) Total score.
These outcomes were analyzed using linear mixed-effects
models to account for repeated measures across five time-
points (baseline, session 3, session 6, session 9, session 12,
and follow-up). Models included fixed effects for time and
random intercepts for participants to capture within-subject
variability. The linearity of the change over time was tested
using both linear and quadratic terms, and the best-fitting
model was selected based on significance, fit indices, and
visual inspection of residuals.

To evaluate clinical significance and time-specific com-
parisons, paired ¢ tests were conducted between baseline and
each post-intervention visit (session 12 and follow-up in par-
ticular). These were used to validate findings from the mixed
model and to report specific within-subject changes at the
primary (session 12) and follow-up endpoints. Effect sizes
were calculated using Cohen’s d, with d>0.5 considered a
moderate effect and d > 0.8 considered large. These effect
sizes were also compared against published minimal clini-
cally important difference (MCID) thresholds (> 5 points for
UPDRS Total, >2.5 points for UPDRS Part III) to evaluate
clinical relevance.

For secondary outcomes—including non-motor symp-
toms (NMSS), cognition (SCOPA-COG), quality of life
(PDQ-39), mood (BDI-II), sleep (PDSS-2), fatigue (PFS-
16), freezing of gait (FOGQ), voice (VHI-10), VAS smell

and taste and TUG—paired ¢ tests were similarly used to
compare baseline to the primary endpoint (after session 12)
and at follow-up scores. In these exploratory analyses, effect
sizes were also computed and interpreted in the context of
clinical thresholds.

The study was powered as a pilot to detect large within-
subject effects (Cohen’s d=1.5) in UPDRS Total scores,
with 80% power and a=0.05. A total of 14 participants were
enrolled, consistent with power calculations and typical rec-
ommendations for early-phase pilot trials.

All analyses were performed using R (v4.2.2) and STATA
(v17.0). Statistical significance was set at p <0.05 (two-
tailed). Given the exploratory nature of the study, no correc-
tion was applied for multiple comparisons; instead, emphasis
was placed on effect size magnitude and consistency across
related outcomes.

Results
Participants

Fourteen subjects with PD were included in this study. The
mean age was 69.36 years (SD 8.53), ranging between 50
and 78 years old, with a predominance of males (71.43%).
Most participants were married (64.28%) and retired
(71.43%). The majority identified themselves as white
(92.85%) and not Hispanic or Latino (92.85%). Regarding
educational level, half had completed postgraduate studies
(50%), while 42.85% held a 4-year college degree. Disease
severity, based on the Hoehn & Yahr scale, was mostly
concentrated in stages 2 (35.70%) and 2.5 (50%). The aver-
age Levodopa Equivalent Dose (LED) was 681.79 mg (SD
644), ranging between 0 and 2540 mg, and participants had
a mean of 2.29 comorbidities (SD 2.0). A minority reported
a history of smoking (28.57%), while 71.43% consumed
alcoholic beverages, as displayed in Table 2. The mean and
SD of clinical outcomes for each time point since baseline
until follow-up are displayed in Table 3 and Supplementary
Table 1.

UPDRS total score analysis—primary endpoint
(session 12)

The mixed-effects model revealed a significant linear
improvement in UPDRS Total scores over the 4-week
treatment period (f=— 0.848, SE=0.292, z=— 2.906,
p=0.004). The quadratic term was not significant (#=0.010,
SE=0.019, z=0.513, p=0.608), indicating a predominantly
linear trajectory of improvement. At the primary endpoint
(session 12), patients demonstrated a mean reduction of 9.43
points in UPDRS Total scores compared to baseline (base-
line: 47.79 +16.56; session 12: 38.36 + 17.72), representing
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Table 2 Demographics and clinical characteristics, n=14

Characteristics Mean (SD) or n (%)
Age 69.36 (8.53)
Sex

Female 4 (28.57%)

Male 10 (71.43%)
Marital status

Single 4 (28.57%)

Married 9 (64.28%)

Widowed 1(7.1%)
Employment

Full-time job 4 (28.57%)

Retired 10 (71.43)
Ethnicity

Not Hispanic or Latino 13 (92.85%)

Unknown/not reported 1(7.15%)
Race

White 13 (92.85%)

Unknown/not reported 1(7.15%)
Education level

High School graduate 1(7.15%)

4-Year college 6 (42.85%)

Postgraduate 7 (50%)
Hoehn and Yahr

Stage 2 5 (35.70%)

Stage 2.5 7 (50%)

Stage 3 1 (7.15%)

Stage 4 1 (7.15%)
Levodopa equivalent dose (LED) 681.79 (644)
Number of comorbidities 2.29 (2.0)
History of smoking

Yes 4 (28.57%)

No 10 (71.43)
Alcoholic beverage

Yes 10 (71.43)

No 4 (28.57%)

a 19.7% improvement. This change was statistically signif-
icant (paired  test: t=— 6.27, p<0.001) with a medium
effect size (Cohen's d=— 0.566) and exceeded the minimal
clinically important difference threshold of 4.5 points [36],
see Fig. 1.

A strong linear dose—response relationship was observed
across all treatment visits (Pearson r=— 0.946, p=0.015).
Progressive improvements were evident at each timepoint:
after session 3, subjects showed a 2.29-point reduction
(4.8% improvement, Cohen's d=— 0.137). By session 6
demonstrated a 10.48-point reduction (21.9% improvement,
Cohen's d=— 0.617), and after session 9 showed a 9.00-
point reduction (18.8% improvement, Cohen's d = — 0.540).
At the primary endpoint, session 12, this effect reached

@ Springer

a 9.43-point reduction (19.7% improvement, Cohen's
d=— 0.566). Follow-up assessments demonstrated sus-
tained benefits, with a mean 10.22-point reduction relative
to baseline, representing a 21.4% improvement. Effect sizes
progressed from small at session 3 to medium by session
9-12, indicating clinically meaningful improvements that
strengthened over time.

All improvements from session 6 onwards exceeded the
established minimal clinically important difference thresh-
old for UPDRS Total scores (=5 points). The primary
endpoint at session 12 demonstrated both statistical signifi-
cance and clinical meaningfulness, with the magnitude of
improvement representing a clinically relevant enhancement
in motor function and overall disease severity. The sustained
benefits and even improvements observed at the follow-up
visit further support the clinical utility and durability of the
therapeutic intervention.

The mixed-effects model demonstrated good predictive
accuracy, with model-predicted changes closely aligning
with observed improvements. At session 12, the model pre-
dicted a 10.54-point reduction compared to the observed
9.43-point reduction, indicating robust model performance
and supporting the validity of the linear trajectory findings.

UPDRS Part lll score analysis

The mixed-effects model revealed a significant linear
improvement in UPDRS Part III scores over the 12 ses-
sions (f=—0.588, SE=0.184, z=—3.193, p=0.001). The
quadratic term was not significant (§=0.016, SE=0.012,
z=1.353, p=0.176), indicating a predominantly linear tra-
jectory of improvement. At the primary endpoint (session
12), patients demonstrated a mean reduction of 4.93 points
in UPDRS Part III scores compared to baseline (baseline:
30.86 +10.56; session 12: 25.93 +10.39), representing a
16.0% improvement. This change was statistically significant
(paired ¢ test: t=— 5.274, p<0.001) with a medium effect
size (Cohen's d=— 0.498) and exceeded the minimal clini-
cally important difference threshold of 2.5 points for motor
symptoms [36], see Fig. 2.

A strong linear dose—response relationship was observed
across all treatment visits (Pearson r=— 0.924, p=0.025).
Progressive improvements were evident at each timepoint:
session 3 showed a 1.86-point reduction (6.0% improve-
ment, Cohen's d=— 0.188), session 6 demonstrated a clini-
cally relevant 6.24-point reduction (20.2% improvement,
Cohen's d=—0.575), session 9 showed a 4.36-point reduc-
tion (14.1% improvement, Cohen's d=— 0.441), and session
12 achieved a 4.93-point reduction (16.0% improvement,
Cohen's d=— 0.498). Effect sizes progressed from small
at session 3 to medium by session 6, 9 and 12, indicating
clinically meaningful improvements in motor function that
strengthened over time [36, 37].
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Table 3 Clinical variables across the visits at baseline, session 12 and follow-up

Variable Baseline Session 12 Follow-up ASession 12 to baseline (%) AFollow-up to baseline (%)
Mean (SD) Mean (SD) Mean (SD)
UPDRS Total 47.79 (16.56) 38.36 (17.72) 37.57 (18.49) —9.43 (- 19.7%) —10.22% (- 21.4%)
UPDRS III 30.86 (10.56) 25.93(10.39) 25.86 (10.98) —4.93 (- 16.0%) —5.00" (- 16.2%)
UPDRS 1 2.64 (1.95) 1.79 (1.37) 1.79 (1.58) —0.85" (— 32.2%) —0.85" (— 32.2%)
UPDRS II ON 10.93 (5.86) 8.07 (5.86) 7.93 (6.58) -2.86 (- 26.2%) - 3.00# (- 27.4%)
UPDRS II OFF 11.93 (7.18) 9.14 (8.35) 8.00 (7.72) -2.86 (- 26.2%) - 3.93# (- 32.9%)
UPDRS IV 3.36 (2.27) 2.36 (2.65) 2.14 (2.96) -1.00 (- 29.8%) - 1.22# (- 36.3%)
UPDRS V 2.46 (0.54) 2.46 (0.54) 2.54 (0.50) 0.00+# (0.0%) 0.08 (3.3%)
UPDRS VI 90.00 (5.55) 92.86 (7.26) 92.86 (6.11) 2.86# (3.2%) 2.86#(3.2%)
NMSS 47.71 (26.99) 28.57 (21.27) 28.00 (26.72) — 19.14 (- 40.1%) —19.71% (- 41.3%)
SCOPA COG 28.86 (5.40) 36.14 (7.04) 36.29 (6.29) 7.28 (25.2%) 7.43" (25.7%)
PDQ-39 SI 3.56 (1.98) 2.26 (1.97) 2.02 (2.04) —1.30 (- 36.5%) — 1.54% (— 43.3%)
BDI-II 8.50 (5.83) 5.07 (4.76) 4.93 (6.04) —3.43 (- 40.4%) — 3.57" (— 42.0%)
PDSS-2 17.71 (11.18) 10.79 (8.51) 11.00 (10.38) —6.92% (— 39.1%) - 6.71 (- 37.9%)
PFS-16 4.43 (4.50) 3.00 (4.26) 2.50 (3.92) -1.43 (- 32.3%) - 1.93# (- 43.6%)
FOGQ 5.50 (4.64) 4.93 (5.59) 4.93 (5.24) - 0.57# (- 10.4%) - 0.57# (- 10.4%)
VHI-10 7.00 (5.52) 7.50 (9.31) 6.71 (7.17) 0.50 (7.1%) -0.294 (- 4.0%)
VAMS 16.57 (11.94) 9.64 (8.06) 9.50 (6.35) -6.93 (-41.8%) - 7.07# (- 42.7%)
VAS SMELL 5.00 (4.06) 2.86 (3.55) 3.00 (3.49) - 2.144# (- 42.8%) -2.00 (- 40.0%)
VAS TASTE 3.00 (3.04) 1.79 (2.83) 2.36 (3.20) - 1.21# (- 40.3%) -0.64 (- 21.3%)
TUG 11.90 (4.14) 10.69 (0.75) 10.50 (1.09) -1.21 (- 10.2%) - 1.40# (- 11.8%)

Values in bold indicate the greatest improvement, and those marked with # show the largest difference in effect compared to the baseline

UPDRS The Unified Parkinson’s Disease Rating Scale Total score. Part I Mentation, Behavior, Mood. Part II Activities of Daily Living. Part
111 Motor Examination. Part IV Complications of Therapy. Part V Modified Hoehn and Yahr Scale. Part VI Schwab and England ADL Scale:
patient’s independence in daily activities. NMSS Non-Motor Symptoms Scale. SCOPA-COG Scales for Outcomes in Parkinson’s disease-COG-
nition; PDQ-39 SI Parkinson's Disease Questionnaire-39 Summary Index. BDI-II Beck Depression Inventory. PDSS-2 Parkinson's Disease Sleep
Scale. PFS-16 Parkinson's Disease Fatigue Scale. FOGQ Freezing of Gait Questionnaire. VHI-10 Voice Handicap Index. VAMS Visual Analog
Mood Scale. VAS Visual Analog Scale for Smell and Taste. TUG Time up and go

To assess the sustained treatment effects on motor symp-
toms, patients were evaluated one month (follow-up) after
the primary endpoint. The mean UPDRS Part III score at
follow-up was 25.86 + 10.98, representing a slight improve-
ment from session 12 (change: — 0.07 points, — 0.2%). This
finding indicates successful maintenance of motor symptom
improvements beyond the primary treatment period.

All improvements from session 6 onwards exceeded the
established minimal clinically important difference thresh-
old for UPDRS Part III scores (>2.5 points). The primary
endpoint at session 12 demonstrated both statistical signifi-
cance and clinical meaningfulness, with the magnitude of
improvement representing a clinically relevant enhancement
in motor function. The sustained benefits were observed at
the follow-up visit. The reduction of 5.00 points (16.2%
improvement) further supports the clinical utility and dura-
bility of the therapeutic intervention for motor symptoms.

The mixed-effects model demonstrated excellent predic-
tive accuracy for motor symptoms, with model-predicted
changes closely aligning with observed improvements.
At session 12, the model predicted a 5.20-point reduction

compared to the observed 4.93-point reduction, indicating
robust model performance and supporting the validity of the
linear trajectory findings for motor function improvements.

UPDRS parts|, Il, and IV

For UPDRS Part I (Non-Motor Aspects of Daily Living),
baseline scores averaged 2.64 +1.95, which improved to
1.79 +1.37 at session 12, representing a mean change of
— 0.85 points (95% CI: — 1.41 to — 0.31; #(13)= — 3.379,
p=0.005), equivalent to a 32.4% reduction and a medium
effect size (Cohen’s d=— 0.487). Significant improvements
were sustained at follow-up (mean: 1.79 +1.58), corre-
sponding to a — 0.85-point change from baseline (32.2%
improvement).

For UPDRS Part I (Motor Aspects of Daily Living,
ON state), scores decreased from 10.93 +5.86 at baseline
to 8.07 +5.86 at session 12, yielding a mean reduction of
— 2.86 points (95% CI: — 4.20 to — 1.52; #(13)= — 4.616,
p<0.001), a 26.2% significant improvement and a moder-
ate effect size (d=— 0.501). At follow-up, scores further
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improved to 7.93, corresponding to a — 3.00-point change
from baseline (27.4% improvement).

For UPDRS Part IV (Motor Complications), participants
demonstrated a reduction from 3.36+2.27 at baseline to
2.36 +£2.65 at session 12 (mean change: — 1.00; 95% CI:
— 1.76 to — 0.24; t(13) = — 2.88, p=0.013), amounting to a
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===+ MCID Threshold (-2.5 from baseline)

Follow-up
(V16)

Session 12
(V15)

Session 9
(vV12)

29.8% improvement (d =— 0.391). At follow-up, scores fur-
ther improved to 2.14, corresponding to — 1.22-point change
from baseline (36.3% improvement).

From here on, due to text constraints, values are reported
only as mean values and not with SD, which can be found
in Table 3 and Supplementary Table 1.
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«Fig. 1 UPDRS scores from baseline through 4-week treatment. Bars
represent group means with standard error of the mean (SEM). The
red dotted line indicates the minimal clinically important difference
(MCID) from the baseline. A UPDRS Total demonstrated signifi-
cant linear improvement (f = — 0.848, p = 0.004; r = — 0.946, p =
0.015). Percentage values on treatment bars show improvement from
baseline, indicating statistical significance at the primary endpoint
(p < 0.001, Cohen's d = — 0.566). Progressive reductions exceeded
the MCID threshold from Session 6 onwards, with the primary end-
point achieving a clinically meaningful 19.7% improvement. Lower
UPDRS Total scores indicate better outcomes and reduced disease
severity. B UPDRS Part III—Motor Score showed significant lin-
ear improvement (f = — 0.588, p = 0.001; r = — 0.924, p = 0.025),
and statistical significance improvement at the primary endpoint (p
< 0.001, Cohen's d = — 0.498). Progressive reductions exceeded the
MCID threshold from Session 6 onwards, with the primary endpoint
achieving a clinically meaningful 16.0% improvement in motor func-
tion. Lower UPDRS Part III scores indicate better motor function and
reduced motor symptom severity

Non-motor Symptoms Scale (NMSS)

Among the 14 participants with complete data, non-motor
symptom burden—as measured by the NMSS—decreased
significantly over the course of TPS treatment. Scores
declined from a baseline mean of 47.71 to 28.57 by ses-
sion 12, reflecting a 19.14-point (40.1%) reduction, exceed-
ing the MCID of — 13.91 points [38] (p=0.014, Cohen’s
d=-0.754), see Fig. 2. The greatest improvement occurred
between sessions 3 and 6 (p=0.001, d=— 0.416), followed
by a plateau and slight rebound by session 9, with sustained
benefit through session 12. The biggest change to baseline
was achieved at follow-up with 28.00 points, reflecting a
19.71-point (41.3%) reduction. Linear modeling showed
a strong overall trend (R2=O.84, p=0.029), though the
response was best characterized as biphasic-featuring a rapid
early reduction followed by stabilization.

Cognitive performance (SCOPA-COG)

Cognitive performance, as measured by the SCOPA-COQG,
improved consistently over the four-week TPS treatment
period. Mean baseline scores were 28.86, increasing to 34.31
at session 3, 35.85 at session 6, 34.43 at session 9, and 36.14
at session 12. This progression reflects a total increase of
7.28 points, corresponding to a 25.2% improvement from
baseline. The biggest change to baseline was achieved at
follow-up with 36.29 points, reflecting a 7.43-point (25.7%)
increase.

All weekly comparisons to baseline indicated statistically
and clinically significant improvements. From baseline to
session 3, participants showed a gain of 5.45 points, rep-
resenting an 18.9% improvement with a large effect size
(Cohen’s d=1.174). At session 6, the improvement reached
6.99 points (24.2% increase, d=1.650). By session 9, the
mean change was 5.57 points (19.3% increase, d=0.858).

The session 12 score reflected the highest absolute gain of
7.28 points, a 25.2% improvement from baseline, with a cor-
responding effect size of d=1.161.

While the overall trajectory was upward, the pattern of
improvement was non-linear. The most substantial gain
occurred from baseline to session 3, followed by a smaller
increase to session 6. A slight decline was observed at ses-
sion 9, after which scores rose again at session 12, with
continued improvement evident in the one-month follow-up
score.

The increase of 7.28 points from 28.86 at baseline to
36.14 at session 12 represents a robust and clinically mean-
ingful enhancement of cognitive abilities (above 6.5 points)
[39] over a short intervention period.

Beck Depression Inventory (BDI-11)

Participants experienced a progressive reduction in depres-
sive symptoms over the 12 TPS sessions, with BDI-II scores
decreasing from 8.50 at baseline to 5.07 at session 12, a
3.43-point (40.4%) improvement, and to 4.93 at follow-up,
a 3.57-point (%) improvement, both exceeding the mini-
mal clinically important difference (MCID) of 3 points.
Statistically significant reductions emerged by session 6
(»=0.037, d=— 0.570) and continued improving at session
9 (p=0.004, d=— 0.715), with sustained benefit through
session 12 (p=0.008, d=— 0.644), and peaked at follow-
up (p=0.002, d=- 0.602), see Fig. 2. While the overall
trend was downward, the trajectory followed a non-linear
course, with early rapid gains followed by stabilization and a
slight rebound. Linear modeling showed a strong correlation
(R*=0.886, p=0.017), but a quadratic model (R*=0.987)
provided a superior fit, supporting a biphasic pattern of
improvement.

Sleep quality (PDSS-2) and quality of life outcomes
(PDQ-39SI)

Participants experienced significant improvements in both
sleep quality and overall quality of life throughout the inter-
vention period. Sleep disturbances, measured by the Par-
kinson’s Disease Sleep Scale-2 (PDSS-2), demonstrated
a consistent linear decline across sessions, with scores
decreasing from a baseline mean of 17.71 to 10.79 at ses-
sion 12, a 39.1% reduction surpassing the minimal clini-
cally important difference (MCID) of — 3.44 points [40].
A linear mixed-effects model confirmed a significant trend
of improvement (slope = — 0.80 per three sessions, 95% CI:
— 1.18 to — 0.41, p<0.001), corresponding to a predicted
6.38-point reduction by follow-up. Effect sizes increased
over time, culminating in a large and significant improve-
ment at session 12 (p=0.011, Cohen’s d=— 0.698).
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«Fig.2 Non-motor symptoms from baseline through 4-week treat-
ment. Bars represent group means with standard error of the mean
(SEM). Total score values on treatment bars show improvement
from baseline. The red dotted line indicates the minimal clinically
important difference (MCID) from the baseline. A NMMS demon-
strated significant linear improvement (R*= 0.838, p = 0.029). Per-
centage values on treatment bars show improvement from baseline,
indicating statistical significance at the primary (p = 0.014, Cohen’s
d = — 0.754). Progressive reductions exceeded the MCID threshold
from Session 6 onwards, with the primary endpoint achieving a clini-
cally meaningful improvement below 13.91 points the MCID. Lower
NMSS score indicate better outcomes and reduced disease severity.
B The graph shows SCOPA-COG cognitive assessment SCores across
5 timepoints, with bars representing group means = SEM and the
connecting line showing the overall trajectory of cognitive changes
during treatment. Weekly comparisons to baseline showed signifi-
cant and clinically meaningful improvements. At session 3, partici-
pants improved by 5.45 points (18.9%, d = 1.174); at session 6, by
6.99 points (24.2%, d = 1.650); at session 9, by 5.57 points (19.3%,
d = 0.858); and at session 12, by 7.28 points (25.2%, d = 1.161). The
greatest absolute gain was achieved at follow-up with 7.43 points
improvement (25.7%, d = 1.268). C BDI-II Score shows a biphasic
treatment trajectory with peak improvement at Session 9, followed
by slight plateau (R> = 0.886, p = 0.017 linear; R* = 0.987 quadratic
model). MCID threshold was achieved from session 6 onwards, with
continued improvement of — 41.2% at session 9 (Cohen's d = 0.947,
large effect) and sustained benefit of — 40.4% at the primary endpoint
session 12 (Cohen's d = — 0.644, large effect) and a peak improve-
ment of — 42.0% at follow-up. All scores remained in the minimal
depression range throughout treatment. Lower BDI-II scores indicate
reduced depressive symptom severity

Similarly, the Parkinson’s Disease Questionnaire-39
Summary Index (PDQ-39 SI) revealed a significant and
sustained enhancement in quality of life. Scores declined
from a baseline mean of 3.56 points to 2.26 at session 12,
improving to 2.02 points at follow-up, which corresponds
to 36.5% and 43.3% improvements, respectively. The mixed
effects model estimated a reduction of — 1.35 points at ses-
sion 12 (d=- 0.69; p=0.005) and — 1.54 points at fol-
low-up (p=0.002). Effect sizes were large and statistically
significant from session 6 onward, peaking at follow-up
(p=0.001, d=—- 0.769). These findings collectively dem-
onstrate robust clinical gains in both sleep and quality of life
metrics throughout the intervention.

Change score correlation analysis

Correlation analysis of change scores from baseline to the
primary endpoint (session 12) revealed distinct patterns
of treatment response across symptom domains (Fig. 3).
While motor symptom improvements showed strong inter-
nal consistency (UPDRS II ON/OFF changes: r=0.89),
cross-domain correlations were generally moderate to low,
suggesting partially independent therapeutic mechanisms.
Notably, motor (UPDRS III) and non-motor (NMSS) symp-
tom improvements showed minimal correlation (r = 0.1),
indicating that TPS benefits extend beyond simple motor

enhancement. Sleep improvements (PDSS-2) demonstrated
moderate correlations with multiple domains (r=0.3-0.5),
suggesting sleep enhancement as a potential central thera-
peutic mechanism. These findings support TPS as a multi-
modal therapeutic intervention with broad benefits across
the spectrum of Parkinson's disease symptoms.

Treatment effects and follow-up outcomes

At follow-up, all clinical outcomes demonstrated statistically
significant improvements from baseline, highlighting the
robust impact of the intervention across multiple domains
of Parkinson’s disease. Specifically, there was a 21.4%
reduction in the UPDRS Total score (p <0.001, Cohen’s
d=-0.582), and a 16.2% reduction in the UPDRS Part III
motor score (p <0.001, d=— 0.464), both reflecting large
effect sizes. Non-motor symptoms, assessed by the NMSS,
showed a 41.3% reduction (p =0.02, d=—- 0.71), while
depressive symptoms, as measured by the BDI-II, decreased
by 42.0% (p=0.002, d=— 0.602). Sleep quality, PDSS-2,
improved by 37.9% (p=0.01, d=— 0.622), and quality of
life, measured by the PDQ-39 SI, showed a 43.3% reduction
in burden (p=0.001, d=— 0.769).

To evaluate the sustained treatment effects, scores at
the follow-up visit were compared with those at the main
endpoint (session 12). No statistically significant differ-
ences were observed between these timepoints across any
of the measures (all p values > 0.05), with small effect sizes
(d<0.5) and minimal percentage changes (< 18%). This sug-
gests that the clinical benefits achieved by session 12 were
well maintained through the follow-up period. These find-
ings demonstrate not only a strong initial treatment efficacy
but also sustained improvements across motor, non-motor,
mood, sleep, and quality of life domains, underscoring the
comprehensive and durable impact of the intervention in
individuals with Parkinson’s disease with even better out-
comes at follow-up in comparison to session 12.

For the remaining secondary outcomes, the complete set
of scores is presented in the Supplementary Table 1, includ-
ing the PFS-16, FOGQ, VHI-10, VAMS, VAS-smell, VAS-
taste, and TUG.

EEG theta power changes

Analysis of theta power from baseline to session 12 revealed
significant increases exclusively in relative theta power,
whereas absolute theta power showed no significant changes
across regions. Six cortical regions demonstrated signifi-
cant relative theta increases: frontal (mean change = + 0.05,
p=0.005, Cohen’s d=0.354), right frontal (+ 0.06,
p=0.002, d=0.433), central (+0.06, p=0.004, d=0.409),
right central (+0.05, p=0.006, d=0.375), parietal (+0.05,
p=0.021, d=0.383), and right parietal (+0.06, p=0.001,
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Change Score Correlations (Baseline to Session 12)
All Outcome Measures
UPDRS Ill Change -
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SCOPA-AUT Change - 0.042

Fig.3 Change score correlation matrix for TPS treatment response.
Correlation heatmap showing relationships between symptom domain
improvements from baseline to primary endpoint (session 12).
Complete correlation matrix for change scores calculated as (ses-
sion 12—baseline), where negative values represent improvement
for most measures except SCOPA-AUT. Correlation strength: Irl >
0.7 (strong), 0.3-0.7 (moderate), < 0.3 (weak). Only upper triangle
displayed to avoid redundancy. Sample size: n = 14 patients (n = 12

d=0.435). The largest effect was observed in the right fron-
tal region. Topographic power distribution across different
time points is displayed in Fig. 4.

Theta/beta index changes (baseline vs session 12)

Analysis of the theta/beta index from baseline to session 12
revealed significant increases across all examined cortical
regions, indicating a consistent modulation of oscillatory
activity. In the frontal region, the theta/beta index increased
significantly (p =0.039; Wilcoxon p=0.009), with the mean
value rising from 4.37 at baseline to 6.16 at session 12 (mean
change = +1.79; Cohen’s d=0.308). The central region
also demonstrated a significant increase (p =0.036; Wil-
coxon p=0.013), with a mean change of + 1.993 (from 4.78
to 6.77), corresponding to a small effect size (d=0.238).
Similarly, the parietal region showed a significant increase
(p=0.014; Wilcoxon p=0.003), with the mean theta/beta

@ Springer

for TUG time due to missing data). Statistical significance testing
not performed due to exploratory nature and small sample size. Key
findings: (1) strong correlations within motor domain components,
(2) low motor-non-motor correlations suggesting independent mecha-
nisms, (3) sleep improvements (PDSS-2) correlate moderately across
multiple domains, (4) largest effect sizes in non-motor domains (BDI-
II: 40.4%, NMSS: 40.1%, PDSS-2: 39.1%, PDQ-39: 36.5% improve-
ment)

index increasing from 4.95 to 6.89 (mean change = + 1.935)
and a small effect size (d=0.284).

Theta/alpha index changes (baseline vs session 12)

Comparisons of the theta/alpha index between baseline and
session 12 demonstrated significant and consistent increases
across all examined cortical regions. In the frontal region,
the theta/alpha index increased significantly (p =0.029; Wil-
coxon p=0.003), with a mean change of 4+ 0.42 (rising from
0.94 at baseline to 1.36 at session 12; Cohen’s d =0.335),
indicating a potential modulation of oscillatory activity. The
central region also showed a significant increase (p =0.008;
Wilcoxon p=0.002), with the mean index increasing from
1.08 to 1.41(mean change = +0.33). The effect size was
small (d=0.199). Similarly, the parietal region exhibited a
significant increase (p =0.018; Wilcoxon p =0.002), with the
mean value rising from 0.85 to 1.22 (mean change= +0.37)
and a small effect size (d=0.299).



Journal of Neurology (2026) 273:52

Page130f19 52

Baseline (V3)

Theta
(4-7.9 Hz)

Beta
(13-30 Hz)

Fig.4 Topographic distribution of scalp plots of EEG oscillations in
resting-state across three time points. Theta power (4-7.9 Hz, range:
35.0-42.0 dB) (10 x logl0 P) and beta power (13-30 Hz, range:
4.0-12.0 dB) (10 X logl0O P). Colors (blue) represent lower power

Baseline theta/beta ratios as predictors of clinical
response

Correlation analyses examining whether baseline theta/beta
ratios predicted clinical outcomes from baseline to session
12 revealed significant associations, particularly for non-
motor symptoms. Lower baseline theta/beta ratios were
associated with greater improvements in NMSS score, with
significant correlations observed in the parietal (p=0.678,
p=0.008), central (p=0.608, p=0.021), and frontal regions
(p=0.590, p=0.026). Trends were also observed for qual-
ity of life and motor symptoms, where lower parietal theta/
beta ratios tended to predict better outcomes on the PDQ-
39 (p=0.520, p=0.057) and greater motor improvements
on the UPDRS-III (p =0.499, p=0.069). A similar trend
was noted for the frontal theta/beta ratio and PDQ-39 scores
(p=0.478, p=0.084). These findings suggest that a lower
baseline theta/beta ratio may serve as a marker of greater
responsiveness to treatment, particularly in non-motor
domains, but also with indications in motor and quality-of-
life outcomes.

Follow-up EEG analysis

To evaluate the stability of EEG changes beyond the
treatment phase, we analyzed cortical averages of relative

Session 6 (V9)

Session 12 (V15)
VAAN

and warmer colors (red) represent higher power. An increase in theta
power was observed in different cortical regions, while beta oscilla-
tions followed a tendency of reduction, after 12 sessions

theta power across frontal, central, and parietal regions at
follow-up visits (session 12 and follow-up). Paired com-
parisons of follow-up vs. session 12 values showed no sig-
nificant difference in the cortical mean (p =0.259), with
small and negative average differences, indicating that
the relative theta increase observed during treatment was
not further modulated in the follow-up period. We further
examined whether changes in theta—beta index (TBI) dif-
fered from those in theta—alpha index (TAI) between ses-
sion 12 and follow-up. Non-parametric (Wilcoxon signed-
rank) tests consistently showed no significant differences
in the magnitude of change between TBI and TAI across
all cortical regions. At the regional level, both indices
demonstrated slight decreases from session 12 and fol-
low-up. In the frontal cortex, decreases were comparable
for TBI and TAI (Wilcoxon p =0.502). The central region
showed larger reductions in both indices, but the relative
changes remained statistically not significant (Wilcoxon
p=0.855). Similarly, in the parietal region, the decline
did not differ between timepoints (Wilcoxon p =0.715).
Taken together, these results indicate that while modest
decreases in relative theta were observed at follow-up,
these were consistent across indices and regions, and no
significant divergence emerged between timepoints, sug-
gesting a stable electrophysiological signature after the
treatment period.
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EEG rhythms associated with placebo

Alpha asymmetry increases have been reported as a placebo
signature in the literature [35] and thus were analyzed here.
No statistically significant changes were observed in any cor-
tical region (all p values > 0.05); however, the general trend
indicated a decrease in asymmetry (less negative values),
suggesting a move toward greater interhemispheric balance.
In the frontal region, asymmetry decreased (baseline: 0.005;
session 12: — 0.008; mean change =— 0.013), although this
change was not significant (t=— 1.13, p=0.277). The cen-
tral region showed no significant change (baseline: — 0.006;
session 12: 0.013; mean change =0.02, r=2.07, p=0.058).
The parietal region exhibited the largest numerical decrease
in asymmetry (baseline: 0.030; session 12: — 0.008; mean
change =— 0.022), but this difference also did not reach sta-
tistical significance (t=— 1.30, p=0.216). Overall, alpha
asymmetry decreased across the frontal and parietal regions,
reflecting a trend toward improved interhemispheric balance,
but the group-level changes were small and not statistically
significant.

Similarly, alpha oscillations have also been correlated
with placebo response [34]. No statistically significant
changes in alpha power were observed in any region; how-
ever, a consistent trend toward reduced alpha power was
noted across all cortical regions. The largest decreases
were observed in the parietal regions, particularly the
right parietal cortex (mean change= — 0.023, r= — 0.85
p=0.41, d=- 0.151) and total parietal region (mean
change= — 0.04, t=— 1.26, p=0.229, d=— 0.240), both
showing small effect sizes. The central regions also dem-
onstrated reductions, with the left central cortex (mean
change=— 0.03, r=— 1.61, p=0.132, d=— 0.240) and total
central region (mean change=— 0.02, t=—- 0.85, p=0.410,
d=— 0.152) showing similar small effects. While these
group-level changes did not reach statistical significance
(p>0.05 for all comparisons), the consistent posterior and
central alpha power reductions, combined with small effect
sizes, suggest a potentially meaningful physiological trend.

Safety, acceptability (AIM), and feasibility (FIM)

During all 168 TPS sessions, side effects related to the stim-
ulation were reported in only three moments: two subjects
reported one event of mild pain/pressure each, and one sub-
ject reported one episode of mild headache during the inter-
vention session. Only expected transient side effects were
noted during the stimulation session, disappearing before
the subjects left the hospital facilities. Additionally, after
the last stimulation session, subjects were asked to complete
the questionnaire about AIM and FIM, where they could

select the options: “completely disagree”, “disagree”, “nei-

ther agree nor disagree”, “agree”, and “completely agree”
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for each statement related to the intervention. 95.5% of
the answers were “agree” or “completely agree” about the
acceptability and feasibility of TPS, with no “completely
disagree” or “disagree” answers (see Supplementary
Table 2), confirming that all patients who received TPS dem-
onstrated satisfaction with the treatment. Results regarding
the qualitative assessment (PQAT-RW) are described in the
Supplementary Material.

Discussion

This prospective, open-label pilot study provides prelimi-
nary evidence that TPS is a feasible, well-tolerated, and
potentially effective adjunctive intervention for individu-
als with Parkinson’s disease. Across a 4-week protocol
involving 12 TPS sessions, participants demonstrated sig-
nificant and clinically meaningful overall improvements in
both motor and non-motor domains. The primary outcome,
UPDRS Total score, improved by an average of 9.43 points
at the end of treatment (session 12) and 10.22 points at fol-
low-up, reflecting a 21.4% overall improvement at follow-up
and exceeding the MCID threshold of 5 points. UPDRS Part
IIT motor scores followed a similar trajectory, with a 4.93-
point reduction by session 12 and a 5.00-point reduction
by the follow-up visit, surpassing the MCID of 2.5 points
and representing a 16.2% improvement in motor function.
Importantly, these improvements at session 12, along with
the EEG changes observed, were maintained at follow-up,
underscoring the durability of TPS effects beyond the active
treatment phase.

Beyond motor symptoms, we observed significant reduc-
tions in non-motor symptom burden (NMSS), depressive
symptoms (BDI-II), sleep disturbances (PDSS-2), alongside
robust improvements in cognitive performance (SCOPA-
COQG) and quality of life (PDQ-39). These changes were
consistent across multiple timepoints and frequently showed
medium to large effect sizes. Improvements generally fol-
lowed a linear trajectory during the active treatment phase
and were sustained or even enhanced at one-month follow-
up, suggesting that TPS may induce neuroplastic effects with
continued benefit beyond the stimulation period. Impor-
tantly, TPS was safe and well tolerated, with no serious side
effects, high treatment adherence, and favorable patient-
reported acceptability.

In addition, these clinical benefits were accompanied by
neurophysiological changes captured through EEG, provid-
ing objective evidence of cortical modulation and support-
ing the biological plausibility of TPS effects. Significant
increases in theta/alpha and theta/beta ratios across frontal,
central, and parietal regions suggest a shift toward theta-
dominant oscillatory states, consistent with enhanced neuro-
plasticity, attentional regulation, and memory consolidation.
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In terms of motor outcomes, in the multiple-treatments
meta-analysis of 16 RCTs with 2186 patients [41], UPDRS
motor outcomes were assessed in both the ON- and OFF-
medication states to evaluate the effects of DBS compared
to medical therapy. In the ON-medication condition, GPi-
DBS improved UPDRS Part III scores by — 4.09 points,
and STN-DBS by — 3.23 points, both statistically significant
effects. However, improvements in UPDRS Part II (activities
of daily living) during the ON state were more limited, with
GPi-DBS showing a non-significant — 3.09-point change
and subthalamic nucleus deep brain stimulation (STN-DBS)
showing a modest but significant — 1.50-point improve-
ment. In comparison, our TPS intervention—also assessed
in the ON-medication state—yielded larger improvements,
with a mean reduction of — 4.93 points in UPDRS Part III
(Cohen’s d=— 0.686) and — 2.86 points in UPDRS Part II
at session 12. While these TPS outcomes appear to exceed
those reported for DBS in the ON state, it is important to
note that our results stem from an open-label study, whereas
the DBS findings were derived from randomized controlled
trials. Nonetheless, the magnitude of TPS improvements
highlights its promise as a non-invasive alternative with
clinically meaningful benefits.

In our study, we observed a substantial reduction in non-
motor symptoms among patients with Parkinson’s disease,
as reflected by a mean NMSS score difference of — 19.14
points from baseline (Cohen’s d=— 0.754), indicating a
large effect size. This outcome compares favorably with
the results reported in a recent meta-analysis of DBS stud-
ies. This meta-analysis evaluated the impact of STN-DBS
on non-motor symptoms in Parkinson’s disease, including
10 studies (most non-randomized trials) and a total of 338
patients [42]. The primary outcome measure was the change
in NMSS score from baseline to post-intervention follow-up
periods. STN-DBS produced a weighted mean difference
(WMD) of — 17.73 points in NMSS score across timepoints
up to 12 months. Taken together with our findings, this sug-
gests that TPS, being non-invasive, may yield comparable or
slightly greater improvements in non-motor symptoms rela-
tive to DBS. Importantly, both interventions were evaluated
in open-label conditions, which should be taken into account
when interpreting effect sizes.

TPS led to significant improvements in cognitive func-
tion, as reflected by a mean increase of 7.28 points in
SCOPA-COG scores (Cohen’s d=1.161) after 12 TPS ses-
sions, suggesting large effects on global cognition in patients
with Parkinson’s disease. The observed cognitive benefits
with TPS are promising and suggest that further investiga-
tion in controlled trials is warranted to clarify its efficacy
and comparative advantages in cognitive rehabilitation for
Parkinson’s disease.

This open-label pilot trial has results that would be com-
pared to a previous retrospective study with TPS in PD.

While we showed a 5.00-point reduction in UPDRS Part I11
at follow-up, along with cognitive and non-motor symptom
gains, the earlier retrospective TPS study by Osou et al. [20]
also reported a significant mean reduction in UPDRS-IIT
from 16.70 to 12.95 points (p <0.001, Cohen’s d=1.38)
in a cohort of 20 patients undergoing ten sessions of TPS
focused on the motor networks. Both studies highlight the
feasibility, tolerability, and short-term effectiveness of TPS
in real-world clinical settings. However, our study extended
these findings by incorporating a more comprehensive
evaluation, including non-motor outcomes (NMSS, SCOPA-
COG, PDQ-39, BDI-II, PDSS-2, PFS-16, FOGQ, VHI-10,
VAMS,VAS for smell and taste perception, and TUG) and
also utilized enhanced stimulation parameters, implement-
ing the first personalized treatment protocol tailored to the
most relevant symptoms of each individual, and integrated
neurophysiological evaluations through EEG.

Pre-clinical studies suggest that TPS influences “mecha-
notransduction pathways”, leading to ion channel activation
and downstream intracellular signaling, increased expression
of vascular endothelial growth factor (VEGF) in neuronal
cells, enhanced angiogenesis, and potential modulation of
synaptic release of neurotransmitters such as dopamine,
serotonin, and gamma-aminobutyric acid (GABA), indicat-
ing a complementary effect to the usual care in PD patient
[43-45]. Our moderator analysis revealed that patients with
higher baseline symptom severity showed greater clinical
improvements (see Supplementary Material), a finding
consistent with placebo-related patterns reported in prior
literature. However, importantly, we found that higher
dopaminergic medication load (LED) was associated with
reduced treatment response, which contrasts with the find-
ings from the meta-analysis by Haji et al. [46], where greater
prior dopaminergic exposure was linked to stronger placebo
effects. Additionally, in our cohort, age and disease duration
did not significantly moderate treatment outcomes, whereas
in Haji et al.’s analysis of 38 randomized controlled trials,
both older age and longer disease duration were associated
with weaker placebo effects [46]. The fact that our modera-
tor pattern partially contradicts established placebo predic-
tors, especially regarding medication load, suggests that the
observed benefits of TPS are less likely to be driven purely
by placebo mechanisms, despite the open-label design. This
divergence supports the plausibility of a true therapeutic
effect of TPS, independent of known placebo-enhancing
factors.

Importantly, the findings from our open-label TPS study,
showing significant improvements in objective motor out-
comes and non-motor outcomes, contrast with evidence
from placebo-controlled trials suggesting no objective
motor benefits from placebo alone. For instance, the dou-
ble-blind, crossover RCT by Fregni et al. [47] demonstrated
that both placebo pills and sham TMS failed to produce
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any significant objective improvement in motor function,
as measured by UPDRS and multiple motor performance
tests, despite participants reporting subjective improvements
on a visual analog scale (VAS). Levodopa, in contrast, led
to clear improvements across all objective measures. This
dissociation between subjective perception and motor
performance reinforces the interpretation that the motor
improvements observed in our TPS study are unlikely to be
solely driven by placebo effects, particularly given that the
magnitude and consistency of objective change in our data
exceeded what is typically seen in sham-controlled studies.
These comparisons further highlight the therapeutic poten-
tial of TPS and underscore the need for future blinded trials
to validate its efficacy.

The significant and consistent increases in both theta/
alpha and theta/beta ratios across all cortical regions sug-
gest a robust shift toward theta-dominant oscillatory states,
indicative of enhanced neuroplasticity, memory consolida-
tion, and attentional control. Theta enhancement relative to
alpha and beta reflects a transition from hyperaroused or idle
states to a more relaxed yet cognitively engaged brain state,
aligning with improved learning and emotional regulation
mechanisms. As relative power is expressed as a percentage
of total spectral power, it is often more sensitive to detecting
oscillatory changes than absolute power (uV?), and shifts
towards high- or low-frequency bands. Also, artifacts tend
to increase power across all frequency bands, an effect that
can be partially mitigated when power is examined in rela-
tive rather than absolute values [48].

Theta oscillation has important roles in human brain
activity associated with cognitive functions, memory and
emotional processing in different cortical regions [49]. Pre-
vious studies suggest a link between increased theta activity
and stronger neuroplasticity for memory consolidation [50,
51]. Furthermore, clinical research indicates that theta activ-
ity may be associated with compensatory neural mechanisms
in depression symptoms, memory impairments, and soma-
tosensory outcomes [52, 53]. Ye et al. [54] also reported
an abnormally reduced theta activity in the parietal region
of Parkinson’s disease patients, which was associated with
poorer memory performance compared to healthy controls.
Similar compensatory mechanisms may be reflected in an
increased theta/alpha ratio, which has previously been linked
to motor function recovery in stroke patients [55]. Moreover,
Chan and Choi [56] reported that individuals with depres-
sion exhibit a reduced theta/beta ratio. These findings sup-
port the evidence linking altered oscillatory dynamics to
mood and cognitive disorders that are present in the PD
population.

Regional specificity provides further insight into func-
tional implications. The frontal cortex, showing the strongest
modulation, is associated with improved executive function,
sustained attention, and emotional regulation, relevant to
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depression, and non-motor symptoms in PD. The parietal
region changes suggest enhanced visuospatial attention and
sensory integration, while the central region modulation
likely reflects improved sensorimotor integration and motor
learning, important for neurorehabilitation. The parallel
increases across both ratios highlight theta enhancement as
the primary driver of these changes, with effect sizes (d ~
0.35-0.44) indicating potential meaningful responses.

Our results showing that lower baseline theta/beta ratios
predicted better clinical outcomes closely parallel findings
reported in stroke rehabilitation research, where higher
baseline theta/alpha ratios (TAR) in the lesioned hemi-
sphere were associated with poorer motor recovery (which,
conversely indicates that lower baseline is associated with
better motor gains) (DEFINE cohort, n=102) [57]. In that
study, lower TAR values were consistently linked to better
performance on multiple motor function tests, including the
Fugl-Meyer Assessment and Nine-Hole Peg Test, whereas
improvements in TAR post-intervention correlated with
functional motor gains. Similarly, in our cohort, patients
with lower baseline theta/beta ratios exhibited greater
improvements in non-motor symptoms and showed trends
toward better motor and quality-of-life outcomes. These
converging results suggest that baseline cortical oscillatory
patterns, particularly lower theta/alpha ratios, may indicate
a state where existing compensatory dynamics are subopti-
mal, leaving greater room for adaptive reorganization and
functional improvement. In other words, patients with lower
baseline theta/alpha activity may not be relying on maladap-
tive compensatory mechanisms, making them more respon-
sive to neuromodulatory interventions that can enhance neu-
roplasticity. Together, these findings reinforce the potential
of EEG-derived frequency ratios as prognostic biomarkers,
not only for predicting motor recovery post-stroke but also
for guiding neuromodulation-based interventions targeting
both motor and non-motor symptoms.

Despite the open-label design, the observed improve-
ments are unlikely to be attributable only to placebo effects
or regression to the mean, as they demonstrate consistent
and clinically meaningful improvements across multiple
objective and independent domains, including motor symp-
toms (UPDRS-III), non-motor symptoms (NMSS), cogni-
tion (SCOPA-COG), quality of life (PDQ-39), and measures
of sleep, fatigue, and mood (PDSS-2, PFS-16, BDI-II). Pla-
cebo effects typically influence subjective reports, not such
a broad range of validated clinician-rated and performance-
based outcomes. The observed moderate-to-large effect sizes
(Cohen’s d=—- 0.57 to — 1.16) exceed what is commonly
seen in sham-controlled trials of non-invasive brain stimula-
tion. Notably, participants in this trial had moderate-stage
Parkinson’s disease, and the most advanced patient showed
the least improvement, further arguing against regression to
the mean as a primary driver. Taken together, these patterns
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suggest that TPS may elicit true neurophysiological benefits
beyond expectancy effects. Additionally, EEG can also be
used as a potential marker for placebo effects. Our obser-
vations show decreases—rather than increases—in both
alpha power and frontal alpha asymmetry from baseline to
session 12. This diverges from established EEG signatures
commonly reported in placebo responses, which typically
feature increased alpha power or alpha asymmetry, espe-
cially in the frontal cortex. Although not conclusive, our
EEG findings, together with the clinical follow-up results,
suggest that placebo effects alone may not fully account for
the observed improvements.

A previous systematic review [34] indicated that placebo
responses are typically associated with increased alpha oscil-
lations in the frontal and central regions. For instance, a
study on ergogenic placebos in athletes found that receiv-
ing a fake performance aid led to a significant increase in
frontal alpha asymmetry—an established correlate of posi-
tive affect and placebo-induced expectations [35]. Likewise,
placebo interventions in emotion and pain studies often elicit
increases in posterior alpha or frontal asymmetry [58]. In
fact, our data indicate a reduction in alpha rhythms and
asymmetry—particularly in frontal and parietal regions—
with no statistically significant changes overall. This sug-
gests that our neuromodulatory treatment did not induce the
typical placebo-related EEG signature (i.e., elevated alpha
activity), but rather the opposite: reduced cortical alpha
activity, which aligns better with genuine enhancement in
cortical engagement and information processing. Key limi-
tations in this study are related to the nature of an open-
label study design and sample size. Additionally, as pilot
data, the correlation analysis in this study is exploratory, and
the results should be interpreted with caution. This pattern
strengthens the interpretation that the observed clinical and
cognitive improvements are unlikely to stem from placebo
effects, and more plausibly reflect true neurophysiological
modulation.

Conclusion

This prospective pilot study provides preliminary evidence
that TPS is a safe, well-tolerated, and potentially effec-
tive neuromodulatory treatment for Parkinson’s disease.
Improvements were consistent and clinically meaningful
across motor, cognitive, and non-motor domains and were
accompanied by EEG biomarkers indicative of enhanced
neuroplasticity, including significant increases in theta/alpha
and theta/beta ratios. Notably, baseline theta/beta ratios pre-
dicted treatment response, suggesting their potential as bio-
markers for patient selection and personalized intervention
strategies. Furthermore, the EEG signatures (e.g., increased
alpha power or frontal alpha asymmetry) suggesting reduced

placebo effect indicate that TPS effects reflect genuine corti-
cal modulation rather than expectancy. This pilot study pro-
vided interesting, preliminary, and hypothesis-generating
findings that justify further investigation of TPS in larger,
sham-controlled trials and support the inclusion of EEG bio-
markers to elucidate the mechanisms of action and optimize
treatment targeting.
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